Abstract. Bioactive guided tissue regeneration (GTR) membrane has had some success for periodontal therapy. In this study, poly(lactic-co-glycolic acid) (PLGA)/multi-walled carbon nanotubes (MWNTs) composite membranes were incubated in three supersaturated calcification solutions (SCS) of different pH values for 21 days to prepare a PLGA/ MWNTs/apatite composite. Scanning electron microscope (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), energy dispersive spectroscopy (EDS), water contact angle measurement and mechanical testing were used for characterization. It was found that after 21 days incubation, apatite with low crystallite size and crystallinity was formed on the PLGA/MWNTs composite membranes. The Ca-poor carbapatite was similar in morphology and composition to that of natural bone. The size and shape of the apatite crystals immersed in three SCS were different from each other. The hydrophilicity and mechanical properties of the PLGA/MWNTs composite membranes were significantly enhanced after mineralization. This indicated that biomimetic mineralization may be an effective method to improve the biocompatibility and bone inductivity of certain materials. The PLGA/MWNTs/apatite composites may be potentially useful in GTR applications, particularly as GTR membranes for periodontal tissue regeneration.
Introduction
Periodontitis is a common oral disease, which is the main reason for tooth loss in the adult world population. The ultimate goal of periodontal therapy is to restore the lost structure and function of the periodontal tissue, including the regeneration of periodontal membrane, cementum and alveolar bone. Traditional periodontal treatment can only control inflammation, but it is difficult to achieve the effect of regeneration. Therefore, how to regenerate the lost periodontal tissue has already become a key issue in periodontal therapy. However, the technique of guided tissue regeneration (GTR), proposed by Nyman et al. [1] in the early 1980s, has had some success. In this treatment technology, GTR membrane is the key factor that directly affects the final restoration results. An ideal GTR membrane should be biocompatible and biodegrade to nontoxic products within a specific time scale [2, 3] . It should be easy to fabricate with proper mechanical properties [4, 5] and present a penetrating structure [6, 7] that plays a role of blocking as well as transporting the nutrients and metabolic waste of the tissue [8, 9] . However, the GTR membranes currently in clinical use still have many problems, such as mechanical strength, degradation rate and the host immune response. Researchers apply a variety of new materials and new technologies to this area, trying to develop the membranes which meet the GTR requirements.
From the perspective of materials science, single material and single structure fail to meet the above requirements, therefore, the ideal GTR membrane should have multi-layer composite structure. Poly(lactic-co-glycolic acid) (PLGA) and multiwalled carbon nanotubes (MWNTs) are two materials commonly used in tissue engineering. PLGA has attracted significant attention for its application in soft tissue engineering, bone tissue engineering, drug delivery, and nerve regeneration, due to its biocompatibility and biodegradability [10] . MWNTs have good biocompatibility when in contact with blood, bone, cartilage and soft tissue. Moreover, MWNTs have excellent biomedical properties, and can dramatically increase the mechanical properties of the composites [11, 12] . Therefore, they may both serve as candidates for GTR applications. However, PLGA has poor hydrophilicity for osteoprogenitor cellar vitality and specific cell interactions. Hydroxyapatite (HA), a major inorganic component of natural bone, on the other hand, exhibits good biocompatibility and osteoconductivity, which is generally suggested for effective acceleration of new bone formation [13, 14] . Therefore, HA coatings have been widely used in order to improve the biocompatibility and bone inductivity of the hydrophobic materials [15] . Mineralized composite membranes or scaffolds have been reported by many researchers by using different mineralization methods. Yang et al. [16] has reported mineralization of chitosan/MWNTs composite membranes by alternate soaking process and found that orientated nanoscopic crystallites of apatite were formed on the surface of the composites. However, this method needed to replace mineralization solutions every 12 h and the Ca/P molar ratio was ~2.6 to 3.0, which was rather a lot higher than that of stoichiometric hydroxyaptite (1.67). Corncob/HA scaffold has been fabricated by simulated body fluid (SBF) method by Ye et al. [17] , but preparation of the mineralization solutions was somewhat complicated and time consuming. Supersaturated calcification solutions (SCS) method is an easy and effective way for preparing novel and bioactive composite materials [18] . Moreover, mineralization of PLGA/MWNTs composite membranes by SCS method has hardly been reported. In this study, we are aiming at synthesizing the PLGA/MWNTs/apatite composites by biomimetic mineralization, studying the formation of apatite on PLGA/MWNTs membranes, and evaluating various properties before and after mineralization, as a foundation for further study of the PLGA/MWNTs/ apatite composites for GTR application. 
Experimental

Preparation of PLGA/MWNTs composite
membranes PLGA/MWNTs composite membranes were prepared using the solution casting technique. Briefly, PLGA (2 g) was dissolved in a 20 mL mixture of TCM and DMF (volume ratio 7:3). MWNTs (0.1 g) were added to the PLGA solution and the mixture was then ultrasonicated for 1 h to disperse the MWNTs. The mixture was poured into a glass culture dish (diameter 12 cm) and placed in the ventilating cabinet for 48 h to evaporate the solvent, resulting in a membrane ~0.1 mm thick. All experiments were carried out in air and the ambient condition was 25°C and 60% humidity.
Mineralization of the composite membranes
In this study, three supersaturated calcification solutions (SCS) of different pH values (SCS1, SCS2 and SCS3) were selected for mineralization [18] . The ion concentrations and pH values of the three supersaturated calcification solutions are shown in Table 1 . The composite membranes (22 mm!" 22 mm) were soaked in a freshly prepared saturated Ca(OH) 2 solution at room temperature for one hour first, and rinsed with distilled water. Then the membranes were divided into three groups, immersed in three different SCS respectively, and incubated at 37°C for 21 days to determine the mineralization behavior in vitro. The three SCS were replaced every 24 h. At the end of the incubation time, the samples were rinsed with deionized water and then dried under vacuum at room temperature.
Characterization of composite membranes
The morphology of the samples was observed with SEM (JSM-7500F, JEOL, Japan). FTIR (Nicolet 560, Nicolet Co., USA) was used in the range from 4000 to 400 cm -1 for the analysis of the crystals formed on the surface of the composites. Elemental analysis of the crystals was by EDS (JSM-7500F, JEOL, Japan). An X-ray diffractometer (SA-HF3, Rigaku, Japan) was used to investigate the mineral crystals grown on the surface of the membranes. The XRD was carried out with a Ni-filtered CuK# radiation source operated at a voltage of 40 kV and a current of 30 mA. The samples were scanned from 3 to 80° (2!) and the scan rate was 8°/min. The wettability of the samples was determined by water contact angle measurement using JGW-360B (Midwest group, Beijing, China). Samples were placed on a sample stage and a single drop (20 $L) of distilled water was dropped at three different places and the contact angle was then measured. The mechanical properties of the samples were analyzed using a universal testing machine (UTM, Instron 5567, USA) at room temperature. The extension rate was kept at 5 mm/min and the load cell used was 100 N with a gauge length of 25 mm. The dimensions of the samples were 10 mm " 70 mm (W " L) [19] .
3. Results and discussion 3.1. Crystalline structure by XRD The X-ray diffractogram of PLGA/MWNTs composite membranes, and the samples immersed in three different SCS for 21 days are shown in Figure 1 . The XRD observations revealed that the PLGA/ MWNTs composites were amorphous. The inorganic phase in the mineralized samples was determined as apatite crystals from the presence of several characteristic XRD diffraction peaks. It can be seen that the samples immersed in SCS1, SCS2, and SCS3 all showed main diffraction peaks at 2! = 26 and 32°, which were corresponded to planes 002 and 211 of HA. The samples immersed in SCS1 also showed the other peak at 2! = 54°, which was caused by the plane 004 of HA. However, the other diffraction peaks of HA were not found. Besides, the peaks of 211, 112 and 300 overlapped with each other without division, suggesting that the crystallinity of the apatite crystals was very low. Compared with JCPDS standard card of HA, the peaks of the apatite crystals in the mineralized samples became wider, which indicated that the crystallite size was tiny and the crystallinity was very low, closely resembling that of the natural bone tissue [20, 21] . Moreover, the diffraction peak at 2! = 26°o f apatite in group SCS1 was the highest and sharpest, followed by that in group SCS2 and then group SCS3, which may indicate that the sizes of the apatite crystals in three groups are in the same order. Another notable feature was that the peak at 2! = 26° (002) was higher and sharper than that at 2! = 32° (211), indicating that the mineral crystals preferred orientation growth along the (002) surface of the C-axis of HA. HA is a hexagonal columnar crystal, and OH groups arranges in the C-axis or (002) plane. (002) direction is the preferred growth direction. The atoms accumulated along the (002) plane densely, which caused the formation of needle-like or lamellar appearance of the crystals. The mineral crystals grew along a certain axis, making the overlap of some planes or defects of crystal growth, which also contributed to the lack of the other diffraction peaks of HA [22] . As C-axis of HA in natural bone tissue aligned along the collagen fibers, it has a certain significance to study how the organic matrix template controls the growth of apatite in biomimetic mineralization.
FTIR analysis of the mineral crystals and PLGA/MWNTs composite membranes
The apatite crystals were scraped off the surface of the PLGA/MWNTs composite membranes immersed in SCS2 for analysis by FTIR. The FTIR spectrum of the PLGA/MWNTs composite membranes was also presented for comparison. As shown in Figure absorption bands between the apatite crystals grown on the surface of the composites and HA was that the absorption peak of the former around 1000 1100 cm -1 was not split, indicating a lower crystallinity of apatite coating. The CO 3 2-absorption bands appeared at 1451, 1413, and 870 cm -1 , indicating that CO 3 2-entered the crystal lattice structure of apatite. The apatite coating was composed of carbapatite, which was similar to the composition of HA in natural bone tissue.
Surface morphology by SEM
The SEM images of uncoated PLGA/MWNTs composite membranes are shown in Figure 3 . It can be seen that the structure of the uncoated PLGA/ MWNTs composite membranes was relatively wellproportioned and identical. There was no bubble or hole on the surface of the membranes. The SEM image taken at a higher magnification in Figure 3b reveals that MWNTs which were short tubular shaped were well dispersed and embedded in PLGA matrix, indicating that good alignment of MWNTs was achieved in PLGA matrix during the preparation of the composite membranes. After 21 days of mineralization, the surfaces of the three samples were all covered by a layer of white mineralized crystals, but the mineral solutions still remained clear, indicating that heterogeneous nucleation occurred on the surfaces of the composite membranes [23, 24] . As shown in SEM images presented in Figure 4 , the surfaces of all the PLGA/ MWNTs composite membranes showed an obvious change after mineralization. The apatite crystals clustered together regularly to form spherical particles on the surface of the composite membranes. However, the morphology of the crystals was slightly different from each other due to the different ion concentrations and pH values of SCS. The SEM images taken at a higher magnification reveal that the flat quadrilateral-shaped single crystals at the bottom layer, which formed from the original calcium and phosphorus deposits, interwove into a bundle. These crystals formed flowers-like shape and covered the entire surface of the matrix. Above these crystals, it can be seen that tiny and slender quadrilateral-shaped crystals were formed in group SCS1, and leaf-shaped and honeycomb-shaped crystals were formed uniformly in group SCS2 and SCS3, indicating that the crystals previously formed served as secondary nucleation sites for additional mineral formation. Besides, the amount of the apatite crystals in group SCS3 was the most, followed by that in group SCS2 and then group SCS1. Moreover, the size of the apatite crystals was the largest in group SCS1, followed by that in group SCS2 and then group SCS3, which also confirmed the results of XRD patterns. As for how the ion concentrations and pH values affect the size and shape of the crystals, further study is needed.
Elements analysis
EDS was used to analyze the type and proportion of elements of crystals. As shown in Figure 5 , the evident presence of Ca and P peaks indicated the presence of HA on all the surfaces of the three samples. Table 2 shows the Ca/P molar ratios determined from EDS analysis. Ca/P molar ratios of the samples immersed in SCS1, SCS2 and SCS3 were 1.59, 1.43 and 1.46, respectively, which were all slightly lower than that of the chemical dose-HA (Ca/P = 1.67). Since the crystals contain carbonate ion substituted at phosphate ion lattice sites, therefore, the coatings are calcium-deficient-carbonated apatite and the apatite deposited on the surface of the composite membranes is Ca-poor apatite [25] .
Wettability analysis
In this study, hydrophilicity of the surface of PLGA, PLGA/MWNTs, and the PLGA/MWNTs/ apatite membranes immersed in SCS2 for 21 days was measured by water contact angle (Table 3 ). The contact angle of pure PLGA membrane was 117.5±3.6°, which clearly demonstrated the hydrophobic nature of PLGA surface. Addition of MWNTs into PLGA matrix did not change the hydrophobic nature of PLGA/MWNTs surface and the contact angle (114.7±3.1°) was similar as that of the PLGA membrane. However, after mineralization, the surface of the PLGA/MWNTs/apatite membranes was completely hydrophilic (water contact angle 0°). Similar phenomenon was also observed by Lee et al. [26] .
Mechanical characterization
Mechanical properties of PLGA, PLGA/MWNTs and PLGA/MWNTs/apatite membranes immersed in SCS2 for 21 days were shown in Table 4 . Compared to the pure PLGA membrane, the mechanical properties of the PLGA/MWNTs membranes increased dramatically. The Young's modulus and 
Conclusions
Apatite crystals were coated on the surface of the PLGA/MWNTs composite membranes after immersion in SCS for 21 days, suggesting that the PLGA/ MWNTs composites have good biomineralization performance in vitro and it is feasible to prepare biomimetic materials for GTR by this method. The formed apatite with low crystallite size and crystallinity was Ca-poor carbapatite, which was similar in composition and structure to that of natural bone. The size and shape of the apatite crystals immersed in three SCS of different ion concentrations and pH values were different from each other, indicating that we may control the size and shape of the crystals through regulating the composition of the mineral solution. The PLGA/MWNTs membranes showed improved hydrophilicity and mechanical strength after mineralization. These novel PLGA/ MWNTs/apatite composites with controlled macroscale and microscale configuration are expected to be a promising bioactive GTR membrane for periodontal tissue regeneration. 
